ABSTRACT
INTRODUCTION O
cells by viral replication, that is, oncolysis (Bauerschmitz et al., 2002) . After oncolysis, newly produced viruses will be released to surrounding tumor tissue. Thus, the input dose of the oncolytic viruses is multiplied rapidly because of viral replication, which increases tumor penetration and the subsequent therapeutic potency. However, replication needs to be limited to tumor tissue in order to minimize adverse side effects. In the adenovirus genome, the E1 region contains several genes that regulate initialization of viral replication (Russell, 2000) . There are two main approaches that have been shown to be promising strategies for restriction of viral replication. The first is based on partial deletions in the E1 region that are trans-complemented in tumor cells. For example, deleting 24 bp from constant region 2 of E1A limits replication to cells in which the p16/Rb pathway is dysregulated, which includes the majority of human cancer cells (Sherr, 1996; Fueyo et al., 2000; Heise et al., 2000) . In the second approach, tumor-specific promoters are employed to control E1A expression (Bauerschmitz et al., 2002) . In addition, the two approaches can be combined for further specificity, although loss of efficacy can result from some combinations (Nettelbeck et al., 2002; Bauerschmitz et al., 2006) .
To infect cells, most serotypes of adenovirus bind first to coxsackievirus-adenovirus receptor (CAR), which is expressed ubiquitously on most tissues (Law and Davidson, 2005) . Second, adenovirus binds to cellular ␣ v ␤-class integrins, which triggers the internalization of the virus. Unfortunately, CAR is often expressed to a variable degree in many or most tumor types (Li et al., 1999; Bauerschmitz et al., 2002; Kanerva et al., 2002) , which can lead to decreased infection efficacy and oncolytic potency. To improve the specificity and/or efficacy of oncolytic adenoviruses, they can be modified to bind alternative receptors highly expressed on cancer cells. Several studies have shown that oncolytic adenoviruses can be targeted to, for example, ␣ v ␤ integrins, adenovirus serotype 3 (Ad3) receptor, polyanionic heparan sulfate proteoglycans (HSPGs), and epidermal growth factor receptor (EGFR) (Hemminki et al., 2001; Suzuki et al., 2001; Kanerva et al., 2003; Ranki et al., 2007a) .
Although the infectivity and specificity of adenoviruses can be enhanced, there are still several obstacles that may hinder the systemic bioavailability of adenoviruses. Intravenous delivery would be attractive, because most patients in need of experimental treatments feature disseminated disease. Despite retargeting, the majority of systemically administered adenovirus accumulates in the liver. More specifically, hepatic Kupffer cells clear viruses rapidly from blood, which decreases dramatically the amount of available therapeutic virus . Data suggest that blood factors including vitamin K-dependent coagulation zymogens (e.g., factor IX [FIX] and factor X [FX] ) and complement protein C4BP are involved in transduction of hepatocytes by adenovirus, which may be an important determinant of liver tropism and toxicity (Shayakhmetov et al., 2005; Parker et al., 2006) . In addition, innate and adaptive immune responses may eliminate therapeutic viruses (Bessis et al., 2004) In fact, it has been reported that more than 50% of the adult population have variable levels of preexisting neutralizing antibodies against adenoviruses (Harvey et al., 1999) . Further, advanced solid tumor masses are intricate and complex, comprising, for example, hypoxic, necrotic, and stromal areas, which may prevent the access of the viruses into all regions of the tumor.
One potential solution for circumventing some of these problems might be to engineer cells as viral carriers. Previously, certain types of cells have been used for sustained local production of retroviruses, cytokines, and human endostatin (Savelkoul et al., 1994; Sandmair et al., 2000; Joki et al., 2001) . However, these cells lack the capability to home into target tissue, are typically allogeneic, and therefore require encapsulation to avoid immune responses.
Human mesenchymal stem cells (MSCs) have been the focus for various therapeutic purposes. MSCs are bone marrowor fat tissue-originating precursor cells, which can differentiate into adipocytes, chondrocytes, osteoblasts, myoblasts, and tenocytes (Prockop, 1997) . There are also some MSCs present in blood, from where they are recruited to repair injured tissues (Prockop, 1997; Studeny et al., 2004) . It has been hypothesized that the tumor environment resembles injured tissue and therefore circulating MSCs would home into tumor tissue (Dvorak, 1986; Studeny et al., 2002 Studeny et al., , 2004 . In fact, studies have shown that genetically modified MSCs are capable of homing into tumors and show antineoplastic activity in vivo in xenograft murine glioma, melanoma, and ovarian and breast cancer models (Studeny et al., 2002 (Studeny et al., , 2004 Nakamizo et al., 2005; Komarova et al., 2006) .
The aim of this project was to use human MSCs as carriers for oncolytic adenoviruses, thereby combining cellular tropism for tumors with the antitumor effect provided by oncolytic adenoviruses. Specifically, we investigated the capacity of capsidmodified adenoviruses to infect and replicate in MSCs. Further, biodistribution, tumor-homing ability, and tumor-killing efficacy of systemically delivered, virus-loaded MSCs in orthotopic lung and breast cancer tumor models were evaluated.
MATERIALS AND METHODS

Cells
Bone marrow-derived human mesenchymal stem cells were isolated as described previously (Leskela et al., 2003) . Half the medium (␣-modified essential medium [GIBCO, Paisley, UK] supplemented with 10% fetal bovine serum [FBS] , 2 mM L-glutamine, 20 mM HEPES, and a 10-ml/liter concentration of antibiotic solution [penicillin, 10,000 U/ml; streptomycin, 10 mg/ml] [Sigma, St. Louis, MO]) was replaced two times per week. Adipose stem cells were obtained from human subcutaneous and intraperitoneal adipose tissue. Fat tissue was washed with sterile phosphate-buffered saline (PBS) and digested with collagenase type I (1.5 mg/ml; GIBCO) in Dulbecco's modified Eagle's medium-Ham's nutrient mixture F-12 (DMEM-F12) (1:1, v/v; Sigma) supplemented with penicillin (100 U/ml), streptomycin (100 g/ml), and amphotericin B (0.25 g/ml) (1% antibiotic-antimycotic; GIBCO) for 45-90 min at 37°C with gentle agitation. The digested tissue was centrifuged and the supernatant with mature adipocytes was removed. The cellular pellet was resuspended in sterile H 2 O to lyse the red blood cells and the stem cell fraction was collected by centrifugation. The cellular pellet was resuspended in DMEM-F12 supplemented with 10% FBS and 1% antibi-otic-antimycotic and filtrated through a 100-m mesh filter to remove debris. The collected adipose stem cells were plated on 25-cm 3 tissue culture flasks. Growth medium was replaced partly two times per week. For the in vitro and in vivo experiments cells were trypsinized, counted, and plated before reaching confluence. Green fluorescent protein (GFP)-expressing large cell lung carcinoma line LNM35/EGFP (from T. Takahashi, Honda Research Institute, Japan) and breast cancer cell line M4A4-LM3 (Goodison et al., 2005) were cultured in RPMI supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and a 10-ml/liter concentration of antibiotic solution (penicillin, 10,000 U/ml; streptomycin, 10 mg/ml) (Sigma). MSCs, LNM35/EGFP cells, and M4A4-LM3 cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 .
Recombinant viruses
Viruses used in this study are listed in Table 1 . Nonreplicating adenoviruses and oncolytic adenoviruses were propagated in 293 and A549 cells, respectively. Viruses were purified by standard cesium chloride gradient techniques, and quality control was performed by polymerase chain reaction (PCR). Viral particles (VP) were determined by spectrophotometry and infectious units are expressed as the median tissue culture infective dose (TCID 50 ).
Flow cytometry
For flow cytometric analysis, cells (2 ϫ 10 5 ) were incubated for 20 min at 4°C with the following primary antibodies at 1:200 dilution: anti-CAR (clone RmcB; Upstate Cell Signaling Solutions/Millipore, Lake Placid, NY), anti-HSPG (clone F58-10E4; Seikagaku, Falmouth, MA), anti-␣ v ␤ 3 integrin (clone LM609; Chemicon International/Millipore, Temecula, CA), anti-␣ v ␤ 5 integrin (clone P1F6; Chemicon International/Millipore), or anti-CD46 (clone E4.3; BD Biosciences, San Jose, CA). Cells were washed with fluorescence-activated cell-sorting (FACS) buffer (phosphate-buffered saline containing 2% FBS) and incubated with a 1:200 dilution of phycoerythrin (PE)-labeled secondary antibody (goat anti-mouse polyclonal antibody; BD Biosciences) for 30 min at 4°C. Cells were washed with FACS buffer and analyzed by flow cytometry (FACSCalibur; BD Biosciences) to determine receptor expression levels. Nonstained cells were used as a negative control.
Transduction efficacy assay
Adipose tissue-and bone marrow-derived MSCs were infected with Ad5luc1, Ad5(GL), Ad5/3luc1, Ad5lucRGD, Ad5.pK7(GL), or Ad5.RGD.pK7(GL) for 2 hr, using 50, 100, 500, and 1000 VP/cell. Luciferase activity was determined 48 hr postinfection with a luciferase assay system (Promega, Madison, WI) according to the manufacturer's protocol. Values are presented as relative to syngeneic control viruses [Ad5luc1 and Ad5(GL)], which have been given a value of 1.
Cell viability assay
Adipose tissue-and bone marrow-derived MSCs were infected with Ad300wt, Ad5⌬24E3ϩ, Ad5/3-⌬24, Ad5-⌬24RGD, or Ad5.pK7-⌬24, using 0.1, 1, 10, 100, 1000, and 10,000 VP/cell. Growth medium was changed every third day. Cell viability 
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In vivo studies
Female 3-to 4-week-old NMRI nude mice were obtained from Taconic (Ejby, Denmark). The orthotopic lung tumor model used in these studies has been described in more detail by Särkioja et al. (2006) . Tumor growth was monitored by detecting GFP with the IVIS imaging system 100 series (Xenogen, Alameda, CA). To facilitate imaging in the in vivo experiments, a mixture of replication-deficient luciferase-expressing virus and therapeutic virus was used. The dose of intravenously injected virus was equal to the dose used for infecting MSCs. Bone marrow-derived MSCs were used for in vivo experiments. In the systemic delivery study, 5 days after cancer cell inoculation, each mouse received intravenously either virus only [1.4 ϫ 10 8 VP of Ad5.pK7(GL) ϩ 7 ϫ 10 7 VP of Ad5.pK7-⌬24], 7 ϫ 10 5 MSCs preinfected with replication-deficient adenovirus [Ad5.pK7(GL) at 200 VP/cell ϩ Ad5pK7LacZ at 100 VP/cell] or 7 ϫ 10 5 MSCs preinfected with oncolytic adenoviruses [Ad5.pK7(GL) at 200 VP/cell ϩ Ad5.pK7-⌬24 at 100 VP/cell]. To visualize viral distribution, luciferin (4.5 mg/mouse) was injected intraperitoneally followed by bioluminescence imaging. Mice were imaged 15 min after MSC administration and again 3, 7, and 10 days later. For kinetic studies, orthotopic lung tumor-bearing mice received treatments as described above and bioluminescence imaging was performed at 15 min, 8 hr, and 24 hr. Images were captured after removal of the skin and again after removal of the abdominal wall and ribs. To track the MSCs in vivo, cells were labeled before intravenous injection with Vybrant CM-DiI cell-labeling solution according to the manufacturer's protocol (Invitrogen Molecular Probes, Eugene, OR). Tumor-free and lung or breast tumorbearing mice were killed 24 hr later and tissues were fixed with 4% paraformaldehyde and embedded into paraffin. Histological sections were examined under a fluorescence microscope. In the survival experiment, tumor-bearing mice received intravenously either MSCs (7 ϫ 10 5 cells per mouse, n ϭ 5), virus [1.4 ϫ 10 8 VP of Ad5.pK7(GL) ϩ 7 ϫ 10 7 VP of Ad5.pK7-⌬24, n ϭ 10], MSCs infected with nonreplicating adenovirus [Ad5.pK7(GL) at 200 VP/cell ϩ Ad5pK7LacZ at 100 VP/cell, 7 ϫ 10 5 cells per mouse, n ϭ 6], or MSCs infected with oncolytic adenoviruses [Ad5.pK7(GL) at 200 VP/cell of ϩ Ad5.pK7-⌬24 at 100 VP/cell, 7 ϫ 10 5 cells per mouse, n ϭ 10] 7, 11, and 15 days after cancer cell inoculation. The health of the mice was monitored daily and mice were killed according to humane end-point guidelines.
The orthotopic breast cancer model used in these studies has been described in more detail by Ranki et al. (2007a) . Briefly, 2 million M4A4-LM3 cells were injected into both the right and left second lowest mammary fat pads. Tumors were allowed to develop until they reached a diameter of approximately 0.4 cm. Tumor-bearing mice received intravenously either saline (n ϭ 12 tumors in 6 mice), MSCs (n ϭ 10 tumors in 5 mice), virus (n ϭ 12 tumors in 6 mice), MSCs infected with nonreplicating adenovirus (n ϭ 8 tumors in 4 mice), or MSCs infected with oncolytic adenoviruses (n ϭ 8 tumors in 4 mice) 14, 19, 24, and 35 days after cancer cell inoculation. Tumors were measured in two dimensions with calipers and tumor volumes were calculated according to the following formula: length ϫ width 2 ϫ 0.5. Data are expressed as percentage of the tumor volume at the initiation of therapy, which was set as 100%. To determine the number of functional viral particles in tumor tissue, breast cancer tumors treated with MSCs plus oncolytic adenovirus (n ϭ 8) or virus only (n ϭ 8) were harvested, mechanically homogenized, and subjected to three freeze-thaw cycles. Cell remnants were centrifuged and collected supernatants were used in the TCID 50 assay. Data are expressed as plaque-forming units per gram of tumor tissue. All animal experiments were approved by the Experimental Animal Committee of the University of Helsinki (Helsinki, Finland) and the provincial government of southern Finland.
Statistical analysis
Analysis of transduction efficacy and viral replication data was performed by one-way analysis of variance (ANOVA) with Bonferroni's post-hoc test. Survival analysis was conducted with PROC LIFETEST (SAS version 9.1; SAS Institute, Cary, NC), using a Weibull distribution. The distribution of event times was assessed by evaluation of log-log survivor plots of the data. Our main interest was to determine whether MSCs could improve the efficacy of oncolytic virus and therefore the parameter estimates of the effect of treatment versus virus only were evaluated by 2 test. Analysis of the tumor size data was performed with a repeated measures growth model with PROC MIXED (SAS version 9.1). Tumor size data were log transformed for normality. The effects of treatment group, time, and the interaction of treatment group and time were evaluated by F tests. Curvature in the growth curves was tested for by a quadratic term for time. The site of tumor (left vs. right) was included as an additional covariate. The a priori planned comparisons of differences in predicted treatment means of all groups to the MSCs loaded with oncolytic adenovirus group were computed by t statistics averaged over all time points and on day 36. Analysis of TCID 50 data was performed with an unpaired t test with Welch's correction. For all analyses p Ͻ 0.05 was deemed statistically significant.
RESULTS
Infectivity of MSCs can be significantly enhanced with capsid-modified adenoviruses
To study adenoviral infectivity, bone marrow-and fat tissuederived human MSCs were transduced with Ad3 receptor-, ␣ v ␤ integrin-, and HSPG-targeted luciferase-expressing replicationdeficient adenoviruses (Fig. 1) . When compared with control virus, infection with HSPG-targeted virus significantly enhanced transduction efficiencies up to 11,000-, 1200-, and 140-fold (all p Ͻ 0.001), whereas targeting to ␣ v ␤ integrins enhanced transduction up to 1100-, 1100-, and 40-fold (p Ͻ 0.001, p Ͻ 0.01, and p Ͻ 0.05, respectively) in adipose tissue-derived MSCs (Fig. 1A-C) . Similarly, in bone marrow-derived MSCs, HSPG targeting significantly increased gene transfer rates 900-and 400-fold (both p Ͻ 0.001) and ␣ v ␤ integrin targeting 190-and 120-fold over control virus (both p Ͻ 0.001) (Fig. 1D and FIG. 1 
, heparan sulfate proteoglycans (blue), or CD46 (red). Unstained cells were used as a negative control (black). E). Also, minor infectivity enhancement was seen with Ad3 receptor-targeted virus in adipose tissue MSCs (Fig. 1A-C) , but not in bone marrow MSCs ( Fig. 1D and E) .
To determine the expression levels of proposed target receptors including CAR, ␣ v ␤ 3 integrin, ␣ v ␤ 5 integrin, HSPG, and CD46 (one of the proposed receptors for Ad3 [Sirena et al., 2004; Shen et al., 2006] ), antibody-stained cells were analyzed by flow cytometry (Fig. 1F and G) . Both types of MSCs were CAR negative, but moderately expressed both ␣ v ␤ integrins and HSPG. Surprisingly, both cell types stained strongly for CD46, despite only minor infectivity enhancement with Ad5/3luc1.
Capsid-modified oncolytic adenoviruses replicate in MSCs
To determine whether oncolytic viruses can be released from in vitro-passaged MSCs, cells were infected with a panel of capsid-modified oncolytic adenoviruses harboring a 24-bp deletion in E1A, and cell viability was analyzed by MTS assay (Fig.   2 ). In comparison with wild-type virus and untargeted oncolytic adenovirus, HSPG-targeted virus showed significantly higher cytolysis rates both in adipose tissue-derived cells ( Fig. 2A and  B) and bone marrow-derived cells (Fig. 2C and D) (p Ͻ 0.001 for all comparisons when 1-1000 VP/cell was used). Similarly, ␣ v ␤ integrin targeting significantly enhanced cytolysis when compared with control viruses ( Fig. 2A-D) (p Ͻ 0.001 for all comparisons when 10-1000 VP/cell was used). Although Ad3 receptor targeting did not improve transduction efficiency remarkably, it did enhance cytolysis significantly, especially in adipose tissue-derived cells, when compared with control viruses (p Ͻ 0.001 for all comparisons when 10-1000 VP/cell was used). Control viruses without capsid modification resulted in cytolysis only with the highest viral doses.
MSCs home to lungs in vivo
To test whether MSCs could support viral replication and release in the context of orthotopic lung tumors, tumor-bearing HAKKARAINEN ET AL. 632
FIG. 2. Replication of infectivity-enhanced oncolytic adenoviruses and consequent cytolysis of MSCs. Adipose tissue-derived (A and B) and bone marrow-derived (C and D)
MSCs were infected and cell viability was determined 10 days later. Error bars indicate the standard error of the mean.
FIG. 3.
Systemic delivery of MSCs loaded with oncolytic adenoviruses in orthotopic lung tumor model. Two million LNM35/EGFP cells were injected into the left lung of nude mice.
Five days later mice received intravenous virus (A-D), MSCs infected with replication-deficient adenovirus (E-H), or MSCs infected with oncolytic adenovirus (I-L). To visualize the vi-
ral distribution, luciferin was injected intraperitoneally followed by bioluminescence imaging 15 min, 3 days, 7 days, and 10 days later. Please note lower emission scale in the middle row.
mice received a single dose of intravenous oncolytic adenovirus ( Fig. 3A-D) or MSCs infected either with replication-deficient ( Fig. 3E-H ) or oncolytic adenovirus (Fig. 3I-L) . Because a mixture of luciferase-expressing virus and therapeutic virus was used, we were able to monitor biodistribution of the virusloaded MSCs and kinetics of viral release. Our previous studies have shown consistent correlation between noninvasive external detection of luciferase and the presence of both luciferase protein and viral particles in tissues (Särkioja et al., 2006; Guse et al., 2007; Ranki et al., 2007a,b) . Therefore, to reduce the number of animals needed, we chose to use the noninvasive bioimaging system instead of conventional luciferase quantification from tissue extracts. Fifteen minutes after injection, a luciferase signal was detected from the lungs of all MSC-treated mice ( Fig. 3E and I ). Approximately 10-fold higher expression was achieved when MSCs were preinfected with oncolytic adenoviruses in comparison with replication-deficient adenoviruses (Fig. 4A) . No signal was obtained from mice treated only with virus, because of lack of sufficient time for luciferase production (Fig. 3A) . Three days later, a weak luciferase signal was detected from the lungs of the mice that received MSCs preinfected with replication-deficient adenovirus (Figs. 3F and 4A ). In contrast, mice treated with oncolytic adenovirus-loaded MSCs displayed a strong luciferase signal in the liver (Figs. 3J and 4A ), suggesting release of the virus from MSCs and subsequent liver transduction. As expected, a similar but 60 times weaker luciferase signal was captured from livers of mice treated with virus only (Figs. 3B and 4A) . Because virus-only treatment gave a weaker liver luciferase signal than MSCs carrying oncolytic virus, viruses probably amplified in MSCs before release, or in lung tumors subsequent to release. Both 7 and 10 days after the injections, mice treated with virus only (Fig. 3C and D and Fig.  4A ) or with oncolytic adenovirus-loaded MSCs (Fig. 3K and L and Fig. 4A ) showed detectable luciferase expression in liver whereas no luciferase signal was obtained from mice treated with replication-deficient adenovirus-loaded MSCs (Fig. 3G and H and Fig. 4A) .
For more precise study of the kinetics of viral release from virus-loaded MSCs, lung tumor-bearing mice were treated intravenously either with virus only or with MSCs loaded with oncolytic adenovirus, followed by bioluminescence imaging 15 min, 8 hr, and 24 hr later (Fig. 4B-K) . To unequivocally distinguish the luciferase signal from different organs, the abdominal skin was removed before the first set of imaging (Fig.  4B, D, F , H, and J) and the abdominal wall and ribs (Fig. 4C , E, G, I, and K) were removed before the second set. After injection of cells, a strong lung-specific luciferase signal was soon detected from mice treated with oncolytic adenovirus-loaded MSCs (Fig. 4F and G) . Luciferase expression was also seen preferentially in the lungs at the 8-hr time point, whereas mice treated only with virus displayed a luciferase signal preferentially from the liver throughout the experiment (Fig. 4H and I and Fig. 4B-E, respectively) . When virus-loaded MSC-treated mice were imaged 24 hr after injection of cells, a strong luciferase signal was still obtained from the lungs but some luciferase expression emerged also from the liver (Fig. 4J and K) . Because mice were dead by the time luciferase analysis was performed after removal of the abdominal wall and ribs, luciferase signals quickly declined, probably because of rapid postmortem ATP degradation. When DiI-labeled MSCs were injected intravenously into tumor-free mice ( Fig. 5A and B) and into lung tumor-bearing mice ( Fig. 5C and D) or breast tumorbearing mice (Fig. 5E and F) , a strong fluorescence signal was obtained symmetrically from both lungs, suggesting accumulation preferentially in the lungs instead of specificity for tumors. No MSCs could be found in breast tumors.
Intravenously delivered MSCs loaded with oncolytic adenoviruses prolong survival of mice with orthotopic lung cancer
To test whether MSC carriers could increase the therapeutic potency of oncolytic adenoviruses, a survival experiment was carried out in an aggressive orthotopic lung tumor model (Fig.  6A) . Tumor-bearing mice received three doses of virus, MSCs, MSCs preinfected with replication-deficient adenovirus, or MSCs preinfected with oncolytic adenovirus. The median survival times were 23, 25, 27, and 28 days, respectively. However, a subpopulation of mice treated with MSCs loaded with oncolytic viruses benefited from the treatment, and statistical analysis revealed a significant survival advantage in comparison with mice treated only with virus (p ϭ 0.0031). Despite the extremely aggressive nature of the model (resembling most clinical cases), one mouse treated with MSCs loaded with oncolytic adenoviruses survived until the end of experiment (day 111).
MSCs loaded with oncolytic viruses deliver antitumor effect in orthotopic murine model of advanced breast cancer
To study whether oncolytic adenovirus-loaded MSCs could yield efficacy in another animal model, an orthotopic murine model of advanced breast cancer was used (Fig. 6B ). MSCs loaded with oncolytic adenovirus significantly inhibited tumor growth when compared with control-treated mice (p Ͻ 0.001). To explore the presence of virus, tumors were analyzed by TCID 50 assay (Fig. 6C ). In comparison with the group treated only with virus, more than 10 times more virus was found when MSC carriers were used (p ϭ 0.0347).
DISCUSSION
Although serotype 5-based adenoviruses are the most widely used tools in cancer gene therapy, there are obstacles that limit their efficacious intravenous use. For example, the immune system can prevent effective readministration, and hepatic uptake by Kupffer and other macrophage lineage cells can result in decreased bioavailability (Harvey et al., 1999; Alemany et al., 2000; Bessis et al., 2004) . Second, CAR is often variably expressed on tumor cells, which hinders adequate gene delivery (Bauerschmitz et al., 2002) .
Both unmodified and genetically engineered MSCs have been used for various cell-based therapeutic approaches, including bone regeneration for treatment of osteogenesis imperfecta, regeneration of heart muscle after myocardial infarction, and for treatment of Parkinson's disease (Chamberlain et al., 2004; Amado et al., 2005; Lu et al., 2005; Miyahara et al., 2006) . In addition, a number of studies have confirmed the immune-privileged nature of MSCs, and their ability to avoid al-
FIG. 4.
Quantification of viral delivery and kinetics of viral release from systemically delivered MSCs in vivo. Luciferase signals obtained after systemic delivery of MSCs loaded with oncolytic adenovirus into lung tumor-bearing mice (see Fig. 3 ) are presented as numeric values (A). For kinetic studies, orthotopic lung tumor-bearing mice received intravenously either oncolytic virus alone (B-E) or MSCs infected with oncolytic adenovirus (F-K). Bioluminescence imaging was performed after removal of skin (B, D, F, H, and J) or after removal of the abdominal wall and ribs (C, E, G, I, and K) 15 min, 8 hr, and 24 hr after viral administration.
FIG. 5. MSC homing to lungs in vivo.
DiI-labeled MSCs were injected intravenously into mock-treated mice (A and B) , lung tumor-bearing mice (C and D), and breast tumor-bearing mice (E and F). Lungs were harvested 24 hr later and histological sections were examined by fluorescence microscopy. Regardless of the tumor burden status or site, DiI-labeled MSCs were detected mainly in the lungs 24 hr after injection. logeneic rejection in humans and animal models, which broadens the potential for their therapeutic use (Le Blanc et al., 2004; Aggarwal and Pittenger, 2005) . Modified MSCs have already been used preclinically as anticancer therapeutics for glioma, metastatic melanoma, and ovarian cancer (Studeny et al., 2002 (Studeny et al., , 2004 Nakamura et al., 2004; Nakamizo et al., 2005; Komarova et al., 2006) .
Unfortunately, genetic manipulation of MSCs with gene transfer vectors is potentially challenging. For instance, infectivity of MSCs with serotype 5 adenoviruses has been shown to be quite inadequate because of low CAR expression levels on MSCs (Conget and Minguell, 2000; Studeny et al., 2002; Mizuguchi et al., 2005) . To compensate, MSCs have been infected with relatively high viral doses or capsid-modified viruses (Olmsted-Davis et al., 2002; Pereboeva et al., 2003; KnaanShanzer et al., 2005; Mizuguchi et al., 2005; Komarova et al., 2006) . On the basis of our results, transduction of MSCs can be increased up to 1100-and 11,000-fold by using ␣ v ␤ integrin-or HSPG-targeted adenoviruses, respectively. Thus, substantially smaller viral doses are needed for gene transfer. Interestingly, both types of MSCs showed high expression levels of CD46, a proposed Ad3 receptor, although an Ad3 receptor-targeted virus did not notably enhance transduction. These findings are in accordance with data suggesting that CD46 is not the only receptor for adenovirus serotype 3 (Gaggar et al., 2003; Tuve et al., 2006) , especially regarding the 5/3 chimera used here, which features the long and bent shaft from Ad5 (the Ad3 receptor shaft is short and rigid) and just the knob from Ad3 receptor.
To use MSCs as carriers for oncolytic adenoviruses, MSCs must support viral replication and release. Preliminary data from Komarova and coworkers suggest that 5/3-modified wildtype adenoviruses can indeed replicate in MSCs (Komarova et al., 2006) . However, they did not use a tumor-selective virus or employ systemic delivery. To study the capacity of infectivity-enhanced tumor-specific oncolytic viruses to be released from MSCs, we used MSCs from various tissues and a panel of viruses currently undergoing clinical development for the treatment of human cancers . We found that viral cytolysis closely correlated with gene transfer; MSCs were able to support the viral replication of capsid-modified adenoviruses whereas the replication rates of viruses with Ad5 capsids remained low. These results parallel earlier studies showing close correlation between infectivity, replication, and subsequent oncolysis (Suzuki et al., 2001; Kanerva et al., 2003; Kuhnel et al., 2004; Reddy et al., 2006) .
Although viral release from MSCs was evident, the rate of cytolysis was notably lower than previously seen in the context of various cancer cells. The 24-bp deletion in the constant region 2 of E1A has been shown to result in preferential replication in p16/Rb pathway-deficient cells (Fueyo et al., 2000; Heise et al., 2000) . However, rapidly proliferating normal cells feature phosphorylation of retinoblastoma protein (Rb), which would be expected to allow replication of ⌬24-type viruses, explaining the replication seen here (Heise et al., 2000) . Although MSCs do not replicate rapidly in vitro, they can be expanded and therefore most cells are expected to be in a state of slow proliferation when passaged in vitro. We speculate that together with the effective infection accomplished in vitro, this is what allowed the release of oncolytic viruses from MSCs. However, it is likely that a much smaller proportion of MSCs would proliferate in humans, that infection would be less efficient, and therefore that normal dormant MSCs might not be subject to cytolysis. Although these findings emphasize the need for careful monitoring of toxicity in clinical trials with these agents, potential toxicity to replicating cells is not unprecedented. Instead, hundreds of millions of patients have been treated with chemotherapy and radiation therapy, both of which target cells mainly on the basis of replicativity and therefore this mode of potential toxicity would be familiar to oncologists.
We did not detect differences in the relative attractiveness of bone marrow-or adipose tissue-derived MSCs as both seemed to allow effective release of oncolytic virions. In fact, it has been suggested that there might be similarities between adipose-and bone marrow-derived MSCs both on biological and molecular levels (Izadpanah et al., 2006; Kern et al., 2006; Talens-Visconti et al., 2006) .
To test whether virus-loaded MSCs could efficiently deliver viruses into tumors for improved therapeutic potency, a set of experiments was performed with orthotopic lung and breast cancer models. Because of its superiority in vitro, the HSPG-targeted Ad5.pK7-⌬24 was used. Our previous studies with these orthotopic tumor models have shown that the biodistribution pattern of HSPG-targeted adenovirus is similar to that of Ad5. Although some virus can be detected in tumors after intravenous injection, the vast majority are found in the liver, spleen, and lungs (Sarkioja et al., 2006; Ranki et al., 2007a,b) . Here, we were able to demonstrate that virus-loaded MSCs homed efficiently to the lungs of mice bearing orthotopic pulmonary tumors. Also, an increase in luciferase signal versus that of MSCs with nonreplicating virus suggested multiplication of the input viral dose, which might further increase the therapeutic potential of the approach. The kinetics studies revealed that viral release from MSC carriers was relatively rapid, because 24 hr after MSC injection (i.e., 72 hr after infection) a proportion of the released virus was already detectable in the liver.
The survival of lung tumor-bearing mice was significantly prolonged when they received therapeutic virus with an intravenously delivered MSC-based carrier. In addition, oncolytic adenovirus-loaded MSCs resulted in enhanced viral delivery and antitumor effect in an orthotopic murine model of advanced breast cancer. These results suggest that although MSCs did not specifically home to tumors, they were able to release therapeutic virus for subsequent transduction of tumors. In essence, MSCs allowed multiplication of the input virus dose in the context of an extended release system.
Our results in this highly aggressive lung cancer model, which closely models the human disease (Särkioja et al., 2006) , are in accordance with the data of Studeny and co-workers, who studied a lung metastatic melanoma tumor model (Studeny et al., 2002 (Studeny et al., , 2004 . Although they did not load MSCs with oncolytic viruses, they were able to see accumulation of the MSCs in lungs of mice, and interferon production resulted in therapeutic benefit. Further, the capacity of MSCs to release replication-competent adenoviruses for therapeutic benefit is supported by the data by Komarova and coworkers, although they did not use a selectively oncolytic virus. To avoid biodistribution complexities, they delivered MSCs intraperitoneally to mice with intraperitoneal ovarian cancer (Komarova et al., 2006) . Further studies are required to clarify how viral infection and replication affect MSCs at the molecular and biologi-cal levels. Given the immune-privileged nature of MSCs (Le Blanc et al., 2004; Aggarwal and Pittenger, 2005) , it is possible that allogeneic MSCs could be used without rejection. Further, it might be interesting to study the capacity of MSC carriers to avoid preexisting immune responses such as neutralizing antibodies against adenoviruses.
In summary, infectivity of MSCs can be significantly enhanced via targeting of viruses to ␣ v ␤ integrins and HSPG. Furthermore, MSCs are capable of supporting replication and viral release of infectivity-enhanced oncolytic adenoviruses both in vitro and in vivo. In addition, intravenously administered MSCs loaded with oncolytic adenoviruses prolong the survival of orthotopic lung tumor-bearing mice, and deliver antitumor efficacy in an orthotopic model of advanced breast cancer. These results suggest that MSCs could be a potentially powerful tool for improving the bioavailability and delivery of oncolytic viruses into human tumors in the context of human trials.
